Abstract (max 150 words, currently 158) A cocktail of land-based sources of pollution threatens coral reef ecosystems, and addressing these has become a key management and policy challenge in Hawaiʻi, US and territories, and globally. In West Maui, Hawaiʻi, nearly one quarter of all living corals were lost between 1995-2008. Onsite disposal systems (OSDS) for sewage are common contaminants for drinking water sources and nearshore waters. In recognition of this risk, the Hawaiʻi State Department of Health (DOH) is prioritizing areas for cesspool upgrades. Independently, we applied a decision analysis process to identify priority areas to address sewage pollution from OSDS in West Maui, with the objective of reducing nearshore coral reef exposure to pollution. The decision science approach is relevant to a broader context of coastal areas both statewide and in coastal systems worldwide which are struggling with identifying pollution mitigation actions on limited budgets. 
Introduction
Proper sewage management is critical to the health of nearby reefs (Wear and Vega Thurber, 2015) . Coral reefs are declining across the world, with major implications for the livelihoods and sustainability of coastal communities and threatened coral species (Carpenter et al. 2003) . Tropical island tourism economies are particularly at risk. While complex ecology obscures the direct causal links between reef declines and deleterious inputs, events, or actions, it is clear that a cocktail of local, land-based pollution seriously threatens coral reef ecosystems (Grigg, 1994; Pastorok and Bilyard, 1985; Reopanichkul et al., 2009; Yoshioka et al., 2016) . Addressing these threats has become a key management and policy challenge worldwide, particularly to increase reef resilience in the face of climate change (Carpenter et al., 2008) .
In rich and poor countries alike, inadequate sewage management causes declines in water quality (Burke et al., 2011; NOAA Coral Reef Conservation Program, 2009 ). In many coastal developing countries, poorly treated or raw sewage directly enters the coastal waters (Shahidul Islam and Tanaka, 2004; Wear and Vega Thurber, 2015) . Even in economically developed nations (e.g., Hawai'i, USA and the Caribbean), sewage management commonly fails to meet technical standards (Babcock et al., 2014) . With a projected two billion more people on earth by 2050 (Gerland et al., 2014 ) -many of whom will live in tropical coastal regions (Neumann et al., 2015) -the amount of sewage entering nearshore waters will increase in the absence of significant intervention.
In Hawaiʻi, onsite disposal systems (OSDS) for sewage are common and contaminate drinking water sources and nearshore waters in some areas (Dollar et al., 1999; Laws et al., 2004; Swarzenski et al., 2016) . OSDSs are decentralized systems which collect, treat, and/or dispose of domestic wastewater from a single or multiple dwellings or buildings, relying on physical, mechanical, and/or biological processes. Cesspools are one form of OSDS and number approximately 88,000 in Hawaiʻi. A cesspool is a belowground well into which raw sewage enters and then percolates through an open bottom and porous sides. Because of Hawaiʻi's volcanic geology, untreated sewage can easily contaminate groundwater, streams, and the ocean with disease-causing pathogens and harmful chemicals. In addition to these contaminants, up to 10,000 kg of nitrogen and 2,800 kg of phosphorus are discharged from cesspools each day across the State of Hawai'i (Based on 2007 baseline; Whittier and El-Kadi, 2014). As the nitrogen in the cesspool discharge oxidizes to nitrate, which is stable in groundwater, the majority of this nutrient migrates to the ocean in submarine groundwater discharge (Paytan et al., 2006) , where it enters highly oligotrophic coastal water, disrupting ecological processes.
In 2015, the Hawaiʻi State Legislature banned installation of new cesspools in the State (HB1140; §11-62), making Hawaiʻi the last US state to prohibit their construction. Signed into law as Act 120, incentives were established to convert cesspools to more environmentally friendly alternatives. To date, few homeowners have taken advantage of the tax credit. To accelerate conversions, HB1244/Act 125 was enacted in mid-2017 to broaden the eligibility criteria for the tax credit. Now, cesspools within 500 feet of the shoreline, perennial streams, or wetland are eligible, as are cesspools shown to impact recreational waters or drinking water supply, as well as those certified by a sewer company to be appropriate for sewer connection. Act 125 also required the conversion, upgrade, or sewer connection of all existing cesspools by 2050.
Act 125 directed the HI DOH to evaluate residential cesspools and develop a prioritization method for upgrades. The subsequent report to the legislature (DOH, 2018) identified large priority areas on each island according to their level of risk to humans, drinking water sources, and sensitive waters (e.g., impaired waterways, reefs). In some areas of the state, cesspools can be connected to nearby sewer systems, but in other areas, sewerage is not an option due to cost or feasibility constraints. Focusing on the latter, we used a decision theoretic approach to facilitate prioritization of which cesspools to upgrade.
We integrated spatially explicit biophysical modelling, economic analysis, and an ecosystem service value function to identify the most cost-effective onsite solutions (i.e., greatest level of pollution mitigation benefit per dollar spent). We evaluated alternatives using a spatially distributed model of nutrient flux to nearshore waters due to submarine groundwater discharge. The value to society of pollution reduction in a given place was also evaluated based on that place's ecological significance and recreational use.
We conducted a decision analysis to support state policy and management in Hawaiʻi, focusing on the national coral reef priority area of West Maui, Hawai`i. West Maui is a designated state and national priority area due to its economic importance and declining coral reefs; coral cover has declined 31-76% over the past three decades (Sparks et al., 2016) . Recent evidence shows that groundwater emerges in the nearshore . The county recently connected many communities in the area to sewer, but dozens of cesspools remain along a coastline that hosts rich coral habitat, and supports a booming tourism economy. We ask: How can we best act to cost-effectively address remaining OSDS pollution to minimize nearshore exposure to the risks associated with sewage? We then evaluate alternative prioritization strategies to highlight the relative gains in efficiency from each. The model and decision process are relevant throughout Hawaiʻi, and the approach is adaptable to jurisdictions across the Pacific. 
Methods

Study area
Decision analysis
Collaborating with the West Maui Ridge to Reef (West Maui R2R) working group and the West Maui R2R funding and agency and support team (FAST) comprised of state and federal agency representatives, a Hawaiʻi Department of Health (DoH) cesspool working group, and the County of Maui Planning Department, we embarked on a decision analysis process to evaluate the utility (in terms of estimated conservation benefits) of interventions to date, and the potential utility of additional actions to address remaining sewage pollution from OSDS in West Maui. Our process involved seven steps, consistent with a decision-theoretic process:
(1) Define problem (2) Define objectives (3) Select metrics (4) Identify, cost and map feasible options (and constraints) (5) Develop strategies and alternatives (6) Estimate consequences (accounting for local preferences and values) (7) Evaluate trade-offs
All analysis was conducted in R Version 3.5.0 (R Core Team, 2018) and ArcGIS 10.2.2 (ESRI 2017) unless otherwise specified.
Problem
Cesspools in West Maui are likely contaminating valuable nearshore areas, harming reef, and degrading people's recreational experience. It is a classic resource allocation problem and DOH and county/community partners seek to identify which cesspools to prioritize for action, and what the "best"
options are for upgrading. Physical site characteristics and regulations restrict technical upgrade options, while threat varies spatially according to proximity to nearshore habitats and recreation zones.
Objectives
The fundamental objectives (aka end goals) of Hawaiʻi's 2050 policy goal to eliminate cesspools are to minimise degradation of sensitive waters including nearshore coastal waters with coral reefs and drinking water sources, and minimize risk of human impacts (DOH, 2018) . Since the science is still equivocal about the specific magnitude, mechanisms, processes, and dose-responses underpinning coral reef responses to wastewater effluent, we collaboratively re-defined the objective of this research as: minimise pollutants reaching nearshore ecosystems, particularly in high value areas (i.e., near coral reefs, tourism use zones) resulting from OSDS systems. This re-definition assumes a linear relationship between pollution reduction and reduced risk of coral reef degradation. Absent an adequate model of effluent-exposure-reef response, this simple assumption is easy for policy makers to interpret, and directly linked to a range of potential management actions.
Metrics
To evaluate the utility of a range of upgrade options, we estimated the change in groundwater nitrate flux at the coastline as a measure of nearshore pollution (See SI -'Groundwater modelling'). We use levels of nitrate as a proxy for other pollutants present in wastewater, such as hormones and pathogens, although their decay and transport behavior differ.
Options and Costs
Options Several types of OSDS are feasible for cesspool upgrades, each consisting of a treatment and a disposal system. Each has different nitrogen reduction rates ( Table S2) , capital/O&M costs (Table S4) , and physical constraints (SI 'Constraints'). The characteristics and conditions of a site (slope, soil type, etc.) determine the appropriateness of disposal systems in a given location, while treatment system selection is effectively independent of site conditions (WRRC, 2008) . Individual characteristics are listed in Table S3 . Reflecting these limitations, Whittier and ElKadi (2014) developed an index, which classifies a given site's suitability for a leach field or infiltration chamber as (in order of decreasing suitability): not limited, slightly limited, moderately limited, or severely limited. We used this index to determine what upgrade options were appropriate for individual OSDS within our study site ( Figure 2 ; Table S2; Table S3 ). Options outside of upgrading, such as installing cluster systems that treat wastewater from multiple dwellings might also be possible, but since it is unclear at present what characteristics of those systems would determine installation feasibility and cost, we were unable to include them.
Costs
Budget guidelines were used to compare system costs, and are documented in detail in Table S4 . Costs were based on the assumption that the treatment system treats 1,000 gallons per day of domestic wastewater. Estimated costs include: labor, materials, equipment, mobilization, installation, contractor's overhead and profit, construction contingencies, operations, and maintenance considered for a 30-year lifetime of the system (WRRC, 2008) . Variations in cost may occur due to site conditions such as soil type (e.g., excavation in rock), site isolation or accessibility, or slope. We calculated the net present cost (NPV) of installation and maintenance of OSDS upgrades for a 30-year period (Table 1, $ 2017, Table  S4 ), using two discount factors reflecting the private cost of capital (5% home equity loan rate) and a rate reflective of public sector investment (2.8%) (OMB 2016). In both cases, we applied an annual inflation rate of 1.8% (based on Real GDP for Hawaiʻi's economy, March 2017; dbedt.hawaii.gov). 
Alternatives
Alternatives represent different ways of attacking the problem. We developed four alternatives which represent a range of costs and nitrogen reduction levels:
1. Low treatment: All feasible systems upgraded to a septic system with seepage pit disposal. 2. Medium treatment: All feasible systems upgraded to a septic system with leach field disposal. 3. High treatment: All feasible systems upgraded to an advanced Aerobic Treatment Unit (ATU) with evapotranspiration (ET) disposal system. 4. Maximum Feasible Reduction: Each unit is upgraded to the unit with the best nutrient reduction that is feasible.
For each alternative, the feasibility of upgrade was based on the constraints of the selected system combination, and the characteristics and conditions of a site ( Figure 2 ; Table S2 ; Table S3 ). Only Class IV (cesspool) systems that can feasibly be upgraded and that are within 3km of the coast, approximating a two to four-year travel time for nutrients, are considered for upgrading. 
Consequences
To estimate the consequences (i.e. the change in each objective) due to implementing each alternative, we reclassified OSDS to the upgraded systems specified by the alternative and estimated nitrogen flux based on the nitrogen reduction rates ( Table S2 ) of the proposed upgrades to treatment and disposal systems. We then implemented a linked land-sea model (Delevaux et al., 2018) by using USGS groundwater flow code MODFLOW and contaminant transport code MT3D-MS (Zheng and Wang, 1999; Supplementary Methods) to estimate the magnitude and spatial distribution of nutrient flux delivered to the nearshore environment. The watersheds are divided into a flow net, made up of discrete flow tubes that trace from the coast upland to 420m above mean sea level based on the Hawaiʻi State 10m DEM (Table S7 . Data sources). Well data, coastal nitrates, and nitrogen application rates from multiple datasets were used to validate the groundwater model (from years 2009-15; see SI 'Groundwater model' for details).
Valuation
To account for variation in how beneficial pollution reductions were spatially, we applied weightings to the baseline estimates of nutrient reduction to reflect stakeholder preferences. Stakeholders identified pollution that 'reached the reef' (i.e. risk that the reef will be exposed to damaging nutrient levels), and that 'influences recreation' (i.e. risk that cesspool effluent will contaminate nearshore water used for a range of recreational activities) as more important for conservation and tourism-based recreation, respectively. Thus, we also estimated the utility of each alternative when these ecosystem services were reflected. First to account for influence on reefs, we multiplied the estimated benefit (nitrogen reduction) values by distance to reef using benthic habitat maps of the West Maui focal area from the NOAA Pacific Island Fishery Science Center (Pacific Islands Fisheries Science Center, 2017) ( Figure 3 ). To weight the utility function for recreation, we mapped recreational value using InVEST's photo user day model (Wood et al., 2013b ; Figure 3 ; Supplementary Information). 
Cost Efficiency
We calculated the cost efficiency (CE) as the achieved change in nitrogen flux (Benefit, B, in kg nitrate) divided by cost of the upgrades (C, NP in $2017) i.e. a modified Cost-Benefit Analysis, then ranked the options.
Results
Nutrient Flux Model
The numerical model produced outputs that mapped the distribution of nitrate in the groundwater and mass flux of nitrate to the coastal zone ( Figure 3 , SI "Groundwater Modeling'). The highest groundwater nitrate concentrations and the greatest nitrate flux were in the southern part of the study area ( Figure 3 ). The largest cumulative load was legacy nitrogen from past sugar and pineapple production, while golf courses (Flow Tube 5-8, and 18-24, pink color) and a sewage treatment plant injection well (Flow Tube 9, pale blue) had concentrated effects in certain areas. Cumulatively across the entire study area, OSDS was the second largest source of nitrogen based on the pre-2007 dataset, contributing 14% of total load (64.1 kg/d) ( Table S6) . OSDS nitrate primarily contributed to the coastal nitrate load in flow tubes 13 to 18 (around Napili). Our investigation evaluated the benefit of upgrades and sewer connections conducted since 2007 by comparing estimates for baseline DOH OSDS data from pre-2007 (published in 2014) and current county data complemented by field validation Table S7 , Data Sources). We estimate that these improvements have resulted in an 89% reduction in nitrate (N) flux (corresponding to a load reduction of 55.36 kg/d) across the study area (illustrated spatially in Figure 6 ). Depending on where in the watershed upgrades occur, in some segments the Low upgrade option could support greater overall N reduction than the 'High' option ( Figure 6, Figure 7 ), since the High option is not always feasible (coastal stretch of flow tube 25). In 2017, one major hotspot remains, and the greatest benefit can be derived by addressing nitrate pollution in flow tube 18 near Napili, due to the remaining high OSDS density in that area (Figure 1 ; Figure 6 ). To examine the utility of each focal strategy, we produced strategy evaluation tables to illustrate outcomes for a) unweighted, b) weighted for reef exposure, and c) weighted for human visitation. Unsurprisingly, there is a direct trade-off between upgrade cost and pollution reduction, i.e. spending more gets you more benefit. There is also a trade-off between CE and benefit, i.e. more cost efficient individual solutions do not deliver maximal nutrient reduction. Given a budget, implementing the most cost-efficient options will deliver the most benefit per dollar spent, but the interaction with feasibility creates a trade-off. A solution that incorporates additional, more costly measures is necessary to maximize reductions across the study watersheds. Interestingly, for unweighted and reef weighted benefits, the upgrade alternative with the highest CE varies depending on the NPV discount rate used (Table 6 ). The Low alternative (Septic + Seepage pit) is the most cost-effective at a 2.8% public discount rate, and the Medium (Septic + leach field) at a 5% private discount rate. There is a direct trade-off between cost and pollution reduction, and cost-effectiveness also trade-offs of benefits to coral reefs. The Max alternative is 80% as cost effective as the Low alternative, but delivers over four times the benefit. Upgrading to seepage is cheapest in both cases, but results in highly limited benefits for too high a cost (performs worst on cost-efficiency). The Medium alternative is the most cost-efficient for private citizens, and the Low alternative for public benefit, but both trade absolute benefits for cost efficiency.
When benefit is adjusted to reflect the utility of reducing exposure of coral reefs to pollution using proximity ( Figure 3 ; Table 4 ), Nitrogen reduction benefit and cost still increase stepwise from Low to Max strategies, as for unweighted values (Table 3) . When benefit is adjusted to reflect utility for recreational use the Max alternative (Highest feasible upgrade) is clearly superior for benefit. While the most costly, it delivers six times the (now weighted) benefit (i.e. utility) and is more cost effective than all other alternatives. The recreation focused weighting also results in the Medium alternative being selected as the most cost-effective (Table 3 ). There are clear trade-offs between absolute cost and benefit regardless of what services are emphasised. The spatial distribution of benefits is also affected ( Figure  1) . When values are weighted to reflect recreational use, then benefits are higher in high population density areas (Figure 1 ; Table 4 ). When reefs are weighted, solutions that reduce pollution near highly valuable reefs have higher benefits (Table 4) . 
Discussion
Decision Analysis
Decision analysis applied to wastewater management can guide transparent, cost-effective decisions. We illustrate the process of evaluating wastewater management options in decision analytic framework. This process is scalable and broadly applicable to the widespread challenge of mitigating wastewater pollution for at-risk ecosystems in island economies worldwide. Locally, the calibrated groundwater model, broadly applicable cost data, and excellent partnerships between scientists, local NGOs and the relevant State Department of Health (DOH) facilitate rapid scaling up to assess the Statewide contribution of cesspools and other nutrient sources to nearshore pollution, and quantify the impacts of a full suite of management options. The recent commitment by the governor of Hawaiʻi to protect 30% of coastal areas by 2030 (State of Hawaii, 2018) offered a unique opportunity for landscape management in Hawaiʻi that can benefit from the structure, rigor, and engaged nature of a structured decision making approach. Similarly, this structure can be applied regionally, as aquifers, streams, and coasts Pacificwide are threatened by cesspool wastewater contamination. For instance, over a quarter (26%) of homes in Guam used OSDS (primarily cesspools) in 2000 (Allen and Bartram, 2008) . Our framework could be modified with location-appropriate cost estimates to provide much needed cost-efficiency estimates to help policy makers select high-impact and cost-efficient wastewater management strategies to meet environmental and social goals.
Cesspools are not the only source of nutrients to coral reef ecosystems, but upgrading them is a tangible, manageable option to reduce the total amount of nitrogen getting to the coast in many places (Yoshioka et al., 2016) . Unlike many sources of LBSP, OSDS are, in effect, point sources. OSDS are clearly identifiable, with feasible short-term solution that can be enacted by local communities (unlike international issues such as climate change). Addressing OSDS may also be less controversial than reducing other stressors to coral reefs, such as overfishing in Pacific communities. Determining which reefs show both high nutrient concentrations and have a significant portion of their nitrogen budget coming from OSDS is a prudent strategy when resources for OSDS upgrades are limited.
Tradeoffs
There are differences in Cost, Benefit, and CE across the watersheds (Figures 3-6 ; Table 2 ). The High alternative is sensitive to whether a public or private discount rate is applied, so which solution is most cost-efficient is dependent on whether funds come from public or private sources. Upgrading to a seepage pit (Low alternative) is cheapest in both cases, but results in limited benefits for a high cost (performs worst on cost-efficiency). The Medium alternative (Septic + leach field) is the most costeffective for private citizens (5% discount rate), and the Lowalternative for public benefit (2.8% discount rate). In both cases, absolute benefits are traded off for cost efficiency, i.e. more cost-efficient alternatives (least expense per unit benefit) have lower absolute benefits. The higher discount rate (i.e. lower long-term cost because future costs are diminished) also switches the most cost-efficient option from Low (in 2.8% scenario) to Med, selecting an alternative with higher overall cost, but greater long term gain. Honokōwai to Kaʻanapali and around Kahana (segments 9, 13 and 25) are the most costefficient segments of coast to focus on, but essentially represent where cheaper upgrades (either in the Low or in the case or segment 9, Moderate upgrades) are available because of site constraints (Figure 8) , and don't achieve the greatest total benefits. In these areas, it may be worth evaluating the costs and benefits of sewer connection, given the constraints to benefits from OSDS systems. Given the trade-off among these objectives, stakeholder preferences for each objective should be considered before a decision is taken.
We also examined how alternative selection varied depending on stakeholder ecosystem service (ES) preferences, incorporating risk to coral reef assets (reef distance; Figure 3 , Table 3 ) and the risk to areas with high tourism and recreation potential (PUD user days; Figure 3 ; Table 4 ). The optimal alternative changes depending on what values (i.e. ecosystem services) are considered, but there are clear trade-offs between absolute cost and benefit regardless of what services are emphasised. When utility is adjusted to reflect reef distance the pattern of selections is similar to the unweighted solution (Table 3) . But when utility is adjusted to reflect recreational use, the "High" and "Max" alternatives are clearly superior, delivering six times more utility than the Low (Seepage pit) alternative, and illustrating how poorly lowbenefit solutions support critical ecosystem services for local people in West Maui (Table 3) .
Beyond OSDS
Our findings indicate that sewer connections and OSDS upgrades made since 2007 have reduced total OSDS nitrate flux to the nearshore by 84.6% (of the ~14% of total N input generated by OSDS), highlighting the impact of improved wastewater management in coastal areas. However, sewage wastewater in West Maui is treated, then injected to groundwater, which flows to nearshore reef communities. Wastewater injectate enters near Kahekili (Figure 4 ), home to one of the best condition reefs in the area (Vargas-Angel et al., 2017) . When the subterranean estuary is operating correctly, there is a high degree of nitrate removal by denitrifying bacteria (Glenn et al., 2013b ), but if not operating correctly (Dailer et al., 2010; Glenn et al., 2013a) , this high-value reef may be exposed to high risk. Regardless of the degree of denitrification, the injected wastewater enters the nearshore as nonsaline water, with elevated temperature and phosphorus all of which have the potential to degrade the coastal environment (Glenn et al, 2012) . So we are faced with the question -is sewer is West Maui simply a spatial relocation of wastewater impacts, or perhaps a shift in influence among contaminants? Consequently, understanding stakeholder risk tolerance (Hammond et al., 2015) and thresholds of concern, as well as examining the full scope of contaminants are important for determining an acceptable wastewater management strategy in this and other coral reef dependent communities.
Whether or not the cesspool upgrades have had a positive ecological impact on reef condition remains a standing question. Since 2006, an array of changes that may have affected local coral reef systems have occurred: coral reef bleaching in 2014/15 (Rosinski et al., 2017) , increasing water temperatures due to climate change, cessation of active pineapple cultivation (reducing upland fertilizer loads) in 2009, increasing coastal development, the establishment of an herbivore fishery management area (Kahekili Herbivore Fisheries Management Area), which prohibits the take of herbivorous fish, and the wastewater management upgrades (e.g., cesspool to sewer connection) we documented, among others. In West Maui, while the overall nitrogen contribution of OSDS is lower than some other sources ( Figure  3 ), nutrients from past sugarcane and pineapple fields remain significant threats, and it remains unclear how long it will take for the legacy of these monocultures to subside. Algal growth in Hawaiʻi can be in triggered by relatively low levels of nitrate, which could be triggered by levels commensurate with legacy nitrates (Fackrell et al., 2016) , and bio-erosion presents a significant risk in the presence of high nitrate , The specific relationship between wastewater management and coral reef health is thus difficult to ascertain, and is complicated by mixing complexity and temporal variability, biogeochemical interactions, and nitrogen pulses as a result of rainfall events (Swarzenski et al., 2012) .
Open government data can help improve public policy decisions. Maui County maintains a database describing the status of properties connected to sewer in West Maui (Table S3 ), but we found that the State, local researchers, some county staff, and the Watershed coordinator were unaware of and unable to access this resource prior to this process. The state Department of Health's map of OSDS in West Maui was not based on current data held by the county, leading state officials to overestimate the quantity of OSDSs by an order of magnitude (400 vs. 50). This substantially influences selection of priority areas using all selected metrics, and such an oversight might misdirect public investment. Given the looming deadline to upgrade over 80,000 cesspools statewide by 2050 statewide, a refined inventory of the location and type of OSDS along with additional system characteristics is critical for diagnosing threats and directing meaningful management actions. Regardless of the OSDS management option selected, the path to effective statewide management of wastewater pollution has just begun.
Current efforts
Current state efforts to incentivize upgrades through tax credits are insufficient, even regressive. No specific financing approaches have yet been developed to meet the 2050 cesspool ban. Homeowners with cesspools/OSDS are required to pay nothing while those connected to sewerage pay around 1000 USD per annum. Yet upgrade costs, especially for high-benefit units that meet National Sanitation Foundation wastewater treatment standards (Table S4) , substantially exceed the $10,000 tax credit adopted by the State legislature (HB1125/Act 115), and ultimately, the out-of-pocket upgrade costs are a high burden for many homeowners. Moreover, tax credits are a reimbursement approach, making the incentive inaccessible to those who cannot afford large capital outlays, and excluding homeowners who do not earn enough to pay income tax, making it unlikely to motivate a transition. Alternative financing solutions such as revolving loan funds or publicly funded infrastructure upgrades would likely meet goals for managing wastewater both more rapidly, and more equitably. More innovative approaches to income generation may create funds necessary to increase the viability for both the basic and innovative solutions to cesspool pollution. For instance one option (that also increases equitability for other homeowners who pay for sewerage) would be to charge a 'fee' (e.g. by county) to homes not connected to sewer. Although we did not cost installation of small-scale wastewater treatment plants for particular communities with high density of OSDS, this might also be a more cost-effective option, or have more support at the County and State level for financing, simultaneously reducing the spatial relocation to some of the highest value reefs in West Maui.
Potential alternative management options to wastewater injection identified in stakeholder discussions include use of reclaimed or recycled water for irrigation or drinking, artificial treatment ponds and wetlands. The use of a wastewater injection system at a site with lower risk for coral reefs was also identified as a potential option. Reclaimed water re-use for irrigation holds promise, but similarly risks spatially relocating threats if instigated without consideration of the implications for coral reef ecosystems. Fortunately, the structured decision making approach used for this work provides a foundation to evaluate such risks, and bring stakeholders to the table to consider multiple costs and benefits. Combined with a consultative approach to identify potential sites and determine costs, high risk locales can easily be screened out (Vymazal, 2011) . The use of reclaimed or recycled water as drinking water ('toilet to tap') could solve multiple challenges, since Hawaiʻi's freshwater is scarcer as its population grows (County of Maui, 2010; Engott et al., 2015) , but is costly, and would require a shift in the perception that such water is 'dirty' through targeted outreach and better trust with homeowners (Coxon; Ormerod and Scott, 2013).
A more holistic, data-driven approach to wastewater management policy in West Maui and statewide that accounts for multiple objectives and stakeholder values is needed, and can be supported by structured decision making. This and other decision science approaches are relevant to the often conflict laden management of coastal systems worldwide. 
Supplementary Figures and Tables
OSDS Validation
The existence of OSDS in West Maui 2017 was validated by identifying the current status according to Maui County Wastewater Infrastructure Records (Table S3) , and confirmed by a field team in West Maui, who identified sewer mains, and contacted local residents, property managers, and county representatives.
Options
We initially considered incorporating connection to sewer as an additional option, but it was screened out as beyond the scope at this stage for three reasons: 1) although county actions do focus on connection to sewer, current state policy is focused on supporting upgrades, 2) benefits were entirely dependent on treatment efficacy, 3) costs were deemed too variable to contribute to a meaningful costbenefit analysis without much further consultation with additional parties.
OSDS in Hawaiʻi are classified by a) the type of wastewater treatment system, which treats wastewater by mechanical or biological means to reduce harmful contaminants, and b) the type of wastewater disposal system, which discharges the treated wastewater into the environment (Table 1 ; Whittier and El-Kadi, 2014). The most common OSDS in West Maui are cesspools, which have no wastewater treatment. The next most common are septic systems that discharge to a leach field. Waste collects in a tank, where solid material passively separates and settles, and lengths of perforated pipe distribute liquid effluent across the surrounding soil where natural filtering and bacterial action remediates some of the wastewater contaminants before entering the groundwater. OSDS types vary in their capacity to remove nitrogen from wastewater (Table 4) , and installation, operation and maintenance costs (Table S4) . They are also subject to different constraints to their utilisation (Table S3 , Figure S2 ). Aerobic units discharging to a seepage pit. The effluent receives primary and secondary treatment. Class IV All cesspools where the effluent receives no treatment. Note: Seepage pits are dry wells that disperses effluent from septic tanks. The effluent receives no treatment other than settling of solids that occurs in the septic tank. N R R R NR P R P Close to coastal waters P R R P P R P High density of cesspools P R R NR P R P Protection of groundwater resources P R R P P R R Protection of drinking water P R R NR NR R R Hydrogeology P R R P P R P Our analysis doesn't take into consideration fine-scale site restrictions such as minimum distance to large trees, property lines, etc. (OSDS spatial data is TMK centroid, not exact location of system). But as these restrictions apply generally, to all types of systems, and our analysis involves upgrades (rather than entirely new systems), we assumed that these criteria were previously met. Leach fields of septic systems typically fail within 7 years due to contaminant loading in soil; replacements costs estimated as 70% of installation cost. Note: this would not be required as frequently with advanced treatment systems.
Costs
Dennis Poma, Nguyen Le pers. comm.
Drip irrigation
Initial Installation
22,000
The costs associated with the specific systems for recycling water are quite specific; can vary drastically 
Groundwater and Transport Modeling
The numerical groundwater flow and transport modeling sought to achieve three goals: 1. Replicate the groundwater flow patterns in northwest Maui and more specifically the distribution of coastal fresh groundwater discharge;
2. Replicate the distribution of nutrients (primarily nitrate) in the groundwater of northwest Maui; and 3. Estimate the distribution and magnitude of the coastal nutrient load and identify the source of the nutrients to the extent practical.
Replicating the distribution of nutrients in the aquifer and the estimating the coastal nutrient load requires modeling codes that simulate groundwater flow, plot groundwater flow paths, and simulate contaminant transport. The USGS code MODFLOW 2005 simulates the movement of groundwater by solving the groundwater flow equations for a grid of cells . MODPATH uses the MODFLOW solution to track the path of virtual particles either with the flow of groundwater (forward tracking) or the exact opposite direction of groundwater flow (reverse tracking). MODPATH was used to develop groundwater flow tubes to sub-divide the model for computation of coastal nutrient flux. Nutrient transport was simulated using the modeling code MT3DMS (Zheng and Wang, 1999) . This transport modeling code uses the MODFLOW solution to simulate the movement of contaminants in the groundwater. MT3DMS can simulates contaminant processes of advection (movement with the flow of groundwater due to differences in hydraulic head potential), dispersion (spreading of the plume due to heterogeneities in the aquifer), and molecular diffusion (movement due to a concentration gradient). MT3DMS also simulates sorption (the attachment of the contaminant to the aquifer matrix) and degradation. MT3DMS is ideal for this study since it can simulate the transport of multiple contaminants species simultaneously.
The groundwater model combined USGS calculated recharge for Maui , with land use coverages from the State of Hawaiʻi Office of Planning Statewide GIS program (http://planning.Hawaiʻi.gov/gis/) to identify and simulate nutrient sources for current and future conditions.
All of the modeling codes described above perform calculations in algebraic array based on a rectangular grid of cells. The Groundwater Modeling System (GMS) (Aquaveo, Provo, Utah) graphical user interface was used to convert a conceptual model that is in the form geographical information system elements consisting of shapes with data parameter values attached to the numerical modeling grid using ArcGIS 10.1 (ESRI, 2012).
Model Description
A groundwater flow and transport model simulated nutrient leachate delivery from on-land recharge zones to points of coastal discharge using USGS groundwater flow code MODFLOW and contaminant transport code MT3D-MS (Zheng and Wang, 1999; Supplementary Methods) . Both codes used the Groundwater Modelling System (Aquaveo, Provo, UT, USA) user interface to populate models. The modelling uses the concept of a flow net to divide the model domain into 25 flow tubes. The flow net's flow lines represent an impermeable boundary (Freeze and Cherry, 1979, pg 168-170) that trace from the coast up to the 420 m msl groundwater contour, where they converge. An assumption of flow nets is that there is no groundwater exchange between flow tubes, thus the nutrient mass applied to each flow tube, either as recharge or wastewater injection, remains in that flow tube. . Coastal nutrient mass discharge flux is the sum of the mass from the individual sources into each flow tube. This is based on an assumption that much of the applied nutrients nitrify to nitrate, a conservative and mobile species in groundwater, and do not sorb onto the aquifer matrix .
The groundwater model simulated groundwater flow nutrient transport in the Honokowai, Honolua, and Honokohau Aquifer Systems of northwest Maui . This selection of aquifers completely covered the study watersheds. Figure S2 shows the model domain relative to the study watershed boundaries. The aquifer boundaries were chosen since they boundaries between aquifers are more consistent with the groundwater flow regime that watersheds are. Figure S2 . Groundwater model domain relative to the study watershed boundaries
The model domain was mapped to a three-dimensional grid for MODFLOW to perform the groundwater flow calculations. The model grid consisted of 527,360 cells arrange in 4 layers, 320 columns and 412 rows. Of these cells only 291,840 were active as the others fell outside of the boundary of the conceptual model. In plan view the cell size was uniform at 50 m on a side. Vertically the cell size varied with the thickness of the simulated aquifer. This study adapted the USGS model of ) that used the density dependent modeling code SUTRA (Voss and Provost, 2002) to simulate groundwater flow in west Maui. MODFLOW assumes a uniform groundwater density and cannot dynamically simulate the interaction between the freshwater lens and the underlying saltwater that buoyantly supports the freshwater lens. MODFLOW does have the advantage of the direct linkage with the modeling code MT3DMS for simulation of contaminant transport. To simulate the freshwater discharge to the nearshore environment, we assigned and equivalent freshwater head to all submarine boundary cells. The equivalent freshwater head is the depth of the mid-point of the submarine boundary cell times 0.025 to account for the difference in density between freshwater and saltwater. compared the outputs of the density dependent flow modeling code SEAWATs with MODFLOW to compare the simulation of freshwater discharge to the coastal marine zone between the two model types. They found that when the coastal and submarine fresh groundwater discharge was simulated using equivalent freshwater head based on water depth, that MODFLOW adequately simulated the water table elevation and the coastal freshwater flux. Thus the combination of MODFLOW and MT3DMS meets the needs of modeling goals and significantly stream lines the modeling process.
There are many unknown geomorphic processes such as similar to the paleo stream channel identified by Hunt and Rosa (2009) that will influence entry points of nutrients into the nearshore environment.
While known geology such as the aforementioned stream is included, there is likely to also be unmapped geology that may influence flowpaths.
Boundary Conditions
The model boundary conditions assign parameter values as the model boundaries while the numerical grid calculates the values of hydraulic head and inter-cell flow within the model grid. The upper boundary of the model is the top of the water table where an assigned flux based on the groundwater recharge estimated by the USGS Maui . The lateral boundaries of the model were delineated along the designated aquifer boundaries ) and were assigned a no-flow condition. This is consistent the generally accepted conceptual model that there is very limited exchange of groundwater between aquifers (Wilson Okamoto Corporation, 2008). The bottom boundary was a no flow boundary based on the elevation of the midpoint of the freshwater/seawater transition zone as simulated by .
Geologic zones and associated hydraulic conductivities were taken from . Since the groundwater model grid is rectangular and the lava bedding is more radial in geometry the no horizontal anisotropy was simulated. The hydraulic conductivities assigned were the longitudinal values from . Well pumping rates, groundwater discharge to streams, and target groundwater elevations were also taken from . Streams were simulated as drains with the conductance of the stream arcs adjusted so that the simulated discharge of groundwater to the streams approximated that modeled by .
NUTRIENT TRANSPORT MODELING
As described above the distribution of nutrients in the groundwater was simulated using the transport modeling code MT3DMS (Zheng & Wang, 1999; and Zheng, 2010) . Both nitrate and phosphate were modeled. However, phosphate has a rate of sorption to the soil (Canter, 1985; Froelich, 1988) , resulting in low groundwater concentrations except where the injected municipal wastewater discharged at the coast in submarine springs (Glenn et al., 2012) . The primary sources of nitrate modeled were:
• Golf course fertilizer,
• Landscaping fertilizer from developed open spaces,
• Legacy fertilizer leached from former sugar cane and pineapple cultivation,
• Onsite sewage disposal leachate,
• Application of recycled wastewater, and
• Subsurface injection of treated wastewater. Table S5 lists the concentrations or leaching rates used for the model and the basis for the values selected. The assumption is that the dominant form of nitrogen is nitrate and it is a conservative and mobile species in the groundwater. Nitrate is the stable form of nitrate under oxidizing conditions and dominant aquifer material is basalt where there is very little opportunity for sorption to the aquifer matrix . (Glenn et al., 2012; DOH, 2016) , 3 Adjusted recharge concentration to match leaching rate of (Fenilli et al., 2008) , 4 Adjusted concentration in recharge to get a leaching rate of 49 kg/ha/yr (Throssell et al., 2009 ) based on USGS reported recharge rates for 1978 through 2007 , 5 Assumed same fertilizer practices as golf courses adjusted for the fraction of the recharge polygon that was DOS.
6 Adjusted recharge concentration to equal that measured in a spring at Black Rock Lagoon by Hunt and Rosa, 2009, 7 Data from DOH (2016) and Glenn et al (2012) , 8 Based on raw wastewater values and nitrate removal rates reported by Tasato and Dugan (1980 ) , Lowe (2009); McCray (2009) .
Nitrate Transport Model validation
The simulated groundwater nitrate was compared with data from DOH compliance sampling (DOH, 2016a) , and with the studies of Glenn et al (2012) and Hunt and Rosa (2009) There was very good agreement between the measured and modeled groundwater nitrate with the exception of two outliers. The two outliers are located at the upper edge of the former sugar cane fields and in close proximity to wells where there was good agreement between the model results and the measured data (see circled area). There is variability in this area that was not captured by the model. Figure S3 shows the measured versus simulated values. The average error was -0.11 mg/L while the RMS error was 0.5 mg/L. The model used recharge from detailed analysis of the USGS , which means that the water input to the model is peer reviewed and valid. 
INTERFACE BETWEEN GW MODEL AND DECISION MAKING MODEL
The primary purpose of the groundwater flow and transport modeling was to provide the coastal nitrate flux distribution for the cost/benefit analysis. This analysis was best done using GIS and a method was needed to calculate the coastal nitrate over discrete segments of coastline. This study used the concept of a flow net to divide the model domain into 25 flow tubes. In a flow net, a flow line represents an impermeable boundary pg 168-170) . The flowlines are delineated using the particle tracking model MODPATH in the reverse tracking mode to trace flow lines from the coast up to the interior recharge zones of the model. Polygons were created from the intersections of the flow path arcs with coastal and 420 m msl groundwater contour. Above the 420 m msl groundwater elevation contour the flow lines converged resulting in widths that were only a few cells wide. Since in flow nets, there is no groundwater exchange between flow tubes, the nutrient mass applied to each flow either as recharge or wastewater injection, remains in that flow tube until captured by a well, discharged to a stream, or discharged to the ocean. The quantity of water captured by wells or discharged to steams is negligible so the coastal nutrient mass discharge flux becomes the sum of the mass from the individual sources into each flow tube. This analysis is done in ArcGIS 10.1 using the spatial union tool that combined the geometry and attributes of the flow tube, recharge, OSDS, and injection well coverages. Figure S5 . Pie Chart showing a summary of the contribution of each potential N source across the entire area of study
GROUNDWATER MODEL FINDINGS
The greatest volume of coastal Nitrate contribution by source nitrate appears to be legacy nitrate from past sugar cane agriculture (90%; Figure 3 , Table 8 ). OSDS is the next largest source by type overall (5%) followed closely by Golf Courses and Developed Open Space (4% each). Denitrification of the injected wastewater results in low nitrate flux at flow tube 8 (Figure 3) . The high rate of injection (about 11,000 m3/d) displaces the higher nitrate groundwater from upgradient around the coastal discharge zone for the injectate.
Spatial Processing
Data sources for all spatial processing are described in Table S7 .
Alternatives
Spatial data layers for these conditions were used to attribute OSDS point data with associated values in ArcMap 10.1 (ESRI, 2012) . Slope values were extracted from a raster layer generated from Digital Elevation Model data using the Slope tool in the Spatial Analyst toolbox, and attributed to overlaid OSDS points. OSDS points that intersected with a flood zone polygon layer were selected and categorized as such.
Values
Reef distances were generated using the Near tool in the ArcMap Spatial Analyst toolbox. They were calculated from each of the shoreline segments, representing coastal interfaces of the groundwater flow tube polygons, to the nearest edge of reef structure class polygon from the NOAA Benthic Habitat Map (Pacific Islands Fisheries Science Center, 2017). Distances were then attributed to each of the OSDS units within the associated flow tube polygon. Values for recreational value of coastal segments were generated from Flickr InVEST model outputs, which predicts the spread of person-days of recreation in space based on number of geotagged photo uploads to the Flickr website (Wood et al., 2013a ). The InVEST model was run on the study area for all available years (2010-2014), for an output of 100-m2 hexagons. Visitation values are represented as Photo User Days (PUD), and weightings are the sum of the visitation raster cells for each coastal segment, standardized by length of coastal interface. Coastal segment areas were defined by a 100m flat-end buffer for each of the coastal interface segments from the groundwater flow tubes. The segment-specific PUD values were then attributed to the associated OSDS, consistent with the manner in which reef distance weightings were applied. 
